Conclusion: This robust, validated study shows autoantibodies to MUC1 peptide or glycopeptides cannot be used for breast, ovarian, lung or pancreatic cancer screening. This has significant implications for research on the use of MUC1 in cancer detection.
Early detection remains the most promising approach to improving survival of cancer patients. In breast cancer, mammographic screening significantly impacts on mortality (Kerlikowske et al, 1995) , although controversy exists as to possible overdiagnosis (Gøtzsche and Nielsen, 2011) . Use of serum biomarkers for the early detection of cancer, before development of clinical symptoms, is an attractive goal being minimally invasive and potentially highly cost-effective. Screening for autoantibodies rather than the antigens may improve sensitivity as substantial tumour mass may be required before the antigen can be detected in serum, whereas autoantibodies act as biological amplifiers increasing the detectable signal from the antigen. Indeed, specific autoantibodies have been reported to be present in sera of patients before clinical diagnosis of cancer (Lubin et al, 1995; Li et al, 2005; Zhong et al, 2006; Desmetz et al, 2011; Chapman et al, 2012; Lu et al, 2012; Pedersen et al, 2013) and are under trial for the detection of lung cancer (Chapman et al, 2012) .
The antigen MUC1 is upregulated in breast and other cancers, and is also aberrantly glycosylated, adding another dimension to the cancer specificity. The mucin carries large numbers of O-linked glycans which in breast cancer are truncated, resulting in the appearance of cancer-specific glycopeptide epitopes, which are antigenically distinct (Sørensen et al, 2006; Tarp et al, 2007; Wandall et al, 2010) . Using a novel O-glycopeptide/glycoprotein array-based assay detecting IgG antibodies, we have recently shown that autoantibodies reactive with the cancer-associated glycopeptide epitopes can be detected in sera from 30% of early breast cancer patients . Moreover, high levels of autoantibodies were significantly associated with reduced risk of relapse and increased time to metastasis . These encouraging results led us to explore whether autoantibodies to tumourassociated glycoforms of MUC1 could be used as a serum biomarker for detection of breast and other cancers before clinical diagnosis.
With a few exceptions that used prospective sera collections (Pinheiro et al, 2010; Chapman et al, 2012; Lu et al, 2012; Pedersen et al, 2013) , most serum biomarker discovery studies for early detection of cancer have been carried out on sera collected from patients at diagnosis, (Chapman et al, 2007; Zhong et al, 2008; Boyle et al, 2011; Lacombe et al, 2013) or involved small cohorts with no independent validation (Lubin et al, 1995; Li et al, 2005; Robertson et al, 2005; Zhong et al, 2006; Pereira-Faca et al, 2007) . Here, we report on MUC1 glycopeptide microarray analysis of serum samples from over 2000 women from the general population in nested breast cancer case-control studies involving two prospectively collected serum banks of initially healthy women: the UK Collaborative Trial of Ovarian Cancer Screening (UKCTOCS) with 202 638 women recruited between 2001 (Menon et al, 2009 ) and the Guernsey island serum bank with 6500 women recruited between 1977-1991 (Fentiman et al, 2006) . Complete follow-up for cancer and mortality was available for both cohorts. Moreover, it was possible to include an additional control group from the Guernsey cohort that consisted of women who had not developed any form of cancer up to 32 years (range 18-32) after serum donation. As MUC1 is expressed by most adenocarcinomas, we were also able to screen sera from apparently healthy women in the UKCTOCS bank who later developed lung, pancreatic or ovarian cancer and controls.
This robust, validated study reported here, which has been carried out in accordance with STARD guidelines, is important as considerable effort and resources are being focused on the analyses of autoantibodies for early cancer detection and MUC1 a commonly used antigen.
MATERIALS AND METHODS
Subjects. The cases and controls were identified from two cohorts (UKCTOCS and Guernsey) of women who were clinically healthy at recruitment. Serum samples from individuals participating in the multimodal arm of UKCTOCS trial (Menon et al, 2009) The Guernsey cohort consists of 6500 women aged 35 and over living on the island of Guernsey who were recruited between 1977-1991 (Fentiman et al, 2006) . All women donated a serum sample at recruitment and underwent mammographic screening. Women were followed up by regular visits to Guernsey to access the hospital records and obtain copies of all female death certificates. Information was also received from the South West Cancer Registry for female Guernsey patients treated in Southampton (mainland UK). Thus, all cases of cancer have documentation by pathology report or death certificate, and occasionally radiology reports. Additionally, checks were made at the island registry (The Greffe) for changes of name through marriage or deed poll. Written informed consent was obtained from each volunteer. This consent covered use of the serum for the investigations of cancer biomarkers and access to the women's medical records. Ethical approval to allow the access to patients' medical records of the volunteers who donated sera to the Guernsey bank was obtained (Guernsey and Alderney Ethical Committee).
Samples
Breast cancer. Discovery sample set: Sera from the UKCTOCS women who went on to develop invasive breast cancer were identified. Women with previous cancer history at recruitment were excluded. The cases were matched to controls (healthy women with no notification of cancer when the case was identified) 1 : 1 on age at donation (±1 year) and length of frozen storage ( ± 1 year).
Validation sample sets: UKCTOCS case-control set: Sera from women who developed invasive breast cancer after randomisation to UKCTOCS and sera donation (not included in the discovery set, no previous cancer history and had physician-confirmed breast cancer with data on histological subtype and either stage/grade or both) were included. These were matched to controls, women from UKCTOCS with no cancer history either at recruitment or when the case was identified, on age ( ± 1 year), length of storage (±1 year) and trial centre.
Guernsey case-control set: Sera were identified from women who developed breast cancer up to 30 years post donation. Cases were matched to two sets of controls: (1) women who had no diagnosis of cancer at the time the case was diagnosed; (2) women who had not developed cancer during follow-up (range 18-32 years) on age ( ± 1 year) and date of sample collection ( ± 1 year).
Serum storage: UKCTOCS; all samples were stored in liquid nitrogen since collection. The aliquot used for this analysis had never been previously freeze thawed. Once the aliquot was thawed, it was divided into smaller aliquots and refrozen. Guernsey; all sample were stored aliquoted at À 20 1C and the aliquot used for this analysis had never been freeze thawed. Once an aliquot was thawed, it was divided into smaller aliquots and refrozen.
Ovarian, lung and pancreatic cancer. Sera from UKCTOCS women who developed ovarian, lung and pancreatic cancers following randomisation to the trial were identified. Controls were healthy trial participants who did not have a notification of cancer at the time the case samples were identified. Cases were matched 1 : 1 to controls on the basis of age at donation ( ± 1year) and time in freezer (±1year).
Microarray autoantibody assay. Glycopeptides and recombinant glycoprotein: Synthetic 60mer MUC1 peptides corresponding to 3 twenty amino-acid tandem repeats and MUC2 peptides were synthesised and glycosylated in preparative scale using recombinant enzymes produced in insect cells (Tarp et al, 2007; Wandall et al, 2010; Blixt et al, 2011) , see Table 1 for a list of the glycopeptides, their glycan structure and sites of glycosylation. As with our previous study this study confirmed that the use of 20mers (one tandem repeat) or 60mers (three tandem repeats) gave comparable results (see Supplementary Figure 1 ). All structures were purified by preparative HPLC and analysed by MALDI-TOF as described (Tarp et al, 2007) . Recombinant MUC1-based glycoproteins carrying ST and T were produced in CHOK1 cells as described by Bäckström et al (2003) and those without O-linked glycans or carrying the Tn glycan were produced in CHO ldlD cells.
Microarrays: Glycopeptides arrays were custom printed by ArrayIt (Sunnyvale, CA, USA) onto Schott Nexterion Slide H (Schott AG, Mainz, Germany) with 16 arrays per slide. Each peptide or glycopeptide was printed (0Á5 nl) in triplicate and at three concentrations (50, 25 and 12Á5 mM) and each recombinant protein at 250, 125 and 62Á5 pg. The quality control of printed glycopeptides was visualised by staining with glycoform-specific lectins and antibodies as described previously . Human IgG was also printed as a positive control for the second antibody and to orientate the arrays. Sera were diluted 1 : 50 and the arrays screened as described by Blixt et al (2011) . The slides were scanned in a PerkinElmer Scanarray and the images quantified with ProScanArray Express software programme (PerkinElmer, Cambridge, UK). Spots were identified using automated spot finding or manual adjustments for occasional irregularities.
All samples were screened in duplicate with blinding as to case or control. The same positive control serum from a breast cancer patient from the cohort used in our previous paper was used on every slide and where possible, cases and their controls were screened on the same slide. Sera were rescreened if the duplicates did not agree based on a similarity measure between them (see Supplementary Methods). If there was still inadequate agreement after the rescreen, the samples were removed from the analyses.
Statistical analysis. In order to quantitatively detect any difference between distributions, the data were split into quartiles. The quartile division was performed on the entire set of data with no information regarding the grouping of samples into cancer cases or controls. The null hypothesis was that the samples would be distributed randomly over quartiles. A w 2 -test was performed to see if there was a significant difference between the numbers of samples in each quartile. This test was chosen to determine whether differences between the two groups exist.
In addition, using two s.d. values from the mean of the control sera for each antigen as cutoff, the fraction of autoantibody positive sera were compared between cases and controls in the two validation sets. Receiver operator characteristic (ROC) curves were constructed for each of the MUC1 antigens on the arrays and by giving equal weight to all features a generalised ROC curve was formed.
RESULTS
Sample selection. From the UKCTOCS, 258 women who went on to develop invasive breast cancer up to 4 years following sample donation were identified for the discovery set. Eighteen women were ineligible because of a previous history of breast (12) or other cancer (6) at randomisation. From the remaining 240 cases, 273 serum samples were available meaning that 33 women donated two serum samples at different times prediagnosis. Analysis of these duplicate samples from the same woman showed no significant differences between the values (data not shown). There were 273 samples from 273 control women. There was no significant difference in baseline characteristics between cases and controls (Table 2A) although there was a trend for increased weight in the cases at randomisation, a known risk factor for breast cancer. All women were postmenopausal.
The UKCTOCS validation set included a single serum sample from each of 431 cases and 431 controls. The Guernsey set included sera from 332 women who were later diagnosed with breast cancer, together with 664 age-matched controls (332 who did not have any type of cancer when their matched case was diagnosed and 332 who were alive and without cancer after up to 32 years follow-up (range 18-32 years). There was no difference in baseline characteristics between cases and controls for the 862 women in the UKCTOCS and 996 Guernsey cohorts in the validation set (see Table 2A and B respectively). The median age of the UKCTOCS cohort was 61 (IQR: 57-66) and all women were postmenopausal.
Time to diagnosis of breast cancer. In the UKCTOCS discovery set, the cases all donated sera up to 4 years before clinical diagnosis of breast cancer, 94% (257) preceding cancer diagnosis by 3 years or less. For the validation set, 95% (406 samples) of the breast cancer cases identified from the UKCTOCS cohort donated serum up to 4 years before clinical cancer diagnosis. In the Guernsey set, 25% of samples preceded cancer diagnosis by 6 months to 5 years with a further 27% collected 5-10 years before diagnosis. Supplementary Figure 1 . Autoantibodies to MUC1 in sera from women who subsequently developed breast cancer and matched controls. Dot blots showing the reactivity of autoantibodies present in the discovery sera from women who went on to develop breast cancer (red dots, n ¼ 273) and controls (blue dots, n ¼ 273), from the UKCTOCS discovery set. The peptide, glycopeptides and glycoproteins (Rec) present on the arrays are indicated beneath each dot plot. The numbers (50, 25, 12 Á 5 and 250, 125, and 62 Á 5) refer to the three concentrations spotted onto the arrays in mM for the peptide and glycopeptides, and in pg for the recombinant glycoproteins.
Screening of discovery set. The detailed structures of the MUC1-based glycopeptides peptide and glycoproteins used in the microarray for screening the discovery set are listed in Table 1 , and are based on the glycoforms used to detect reactive autoantibodies in sera from early-stage breast cancer patients . The results are shown as a dot plot in Figure 1 , and it can be seen that only two out of 273 samples from women from the breast cancer cases gave a positive reaction with unglycosylated recombinant MUC1 (16 tandem repeats).
To statistically analyse the data, we investigated the distribution within quartiles (see Methods for description of quartiles). There was no significant difference in distribution of autoantibodies to MUC1 glycoforms between cases and controls over quartiles of reactivity (Table 3 ). There was, however, a trend for more cases than controls to be in highest quartile (Q4) for MUC1core3, MUC1STn and MUC1Tn (see Table 3A ). While a number of sera in cases and control groups contained antibodies reactive to core3 or Tn when carried on MUC1, little reactivity was seen with MUC2 carrying these glycans indicating that the epitopes recognised consisted of the glycans and the MUC1 backbone ( Figure 1) .
As we are hypothesising that the presence of autoantibodies to aberrant glycoforms of MUC1 is an antigen driven immune response arising from a clinically undetectable tumour, and as autoantibodies to other antigens such as p53 in colon cancer (Pedersen et al, 2013) and in lung cancer (Lubin et al, 1995; Li et al, 2005) , and alpha-fetoprotein in hepatic cancer (Zhang and Tan, 2010) can only be detected within 3 years of cancer diagnosis, we investigated if the presence of antoantibodies to MUC1 glycoforms is associated with breast cancer development in cases who developed breast cancer within 3 years of donating sera. The cases were stratified into cohorts who developed breast cancer within 1 year, 1-2 years and 2-3 years of sera donation. Table 4A shows that even when sera were taken 1 year or less before breast cancer was diagnosed, there was no significant difference between the presence of autoantibodies to MUC1 VNTR peptide or MUC1 glycopeptides in the cases compared with the age-matched controls. Screening of validation set. The coded sera were screened on the microarrays. Five samples from the UKCTOCS cases and 29 samples from the Guernsey cases had to be removed from the analysis because the duplicates did not agree based on a similarity measure (described in Supplementary Methods), and rescreening the sera still showed disagreement. The relevant controls were also removed from the analysis. The final analysis, therefore, included 426 UKCTOCS and 303 Guernsey cases samples, with their matched controls. Figure 2 shows a dot blot of the results obtained from both sera sets for MUC1core3 and MUC1STn, the two glycopeptides that gave the highest levels of antibodies in the discovery set. There was no difference in the percentage of sera showing MUC1core3 or MUC1STn autoantibodies between the cases and the controls from either serum bank (Figure 2 ) or between the Guernsey breast cancer cases and the controls who did not develop cancer within the extended follow-up period (18-32 years). The distribution of levels of autoantibodies in cases and controls over quartiles of reactivity also showed no significant differences between cases and controls in the two independent banks when analysed for autoantibodies to all glycopeptides, glycoproteins or unglycosylated MUC1 peptides. Also, the trend observed in the discovery set of more cases in the highest (Q4) quartile of MUC1core3, MUC1Tn and MUC1STn was not observed (see Table 3B ). Furthermore, a heat map analysis suggested no correlation was seen between the presence of autoantibodies and time to diagnosis (see Supplementary Figure 1) . However, to analyse this in greater details we again stratified the samples from the UKCTOCS bank into those donated 0-1 years, 1-2 years and 2-3 years before breast cancer diagnosis. As there were fewer samples from the Guernsey cohort with shorter times to diagnosis, we analysed as a single stratification samples taken 0-3 years before diagnosis. As can be seen from Table 4B there was no significant differences between the cases and controls in autoantibodies even at 0-1 year preclinical diagnoses, in agreement with the data obtained with the discovery set. The Guernsey serum samples taken 1-3 years before diagnosis were compared with both sets of controls and again, no significant difference was obtained. For clarity, the results presented in Table 4B show the cases compared with the two sets of controls combined.
In addition, ROC curves for each of the MUC1 glycopeptides on the arrays fit the perfect diagonal and the areas under the curve did not significantly differ from 0.5 indicating that no distinction between the real data and data generated randomly could be made (see Figures 2E and F) . Thus, autoantibodies to the MUC1 glycopeptides cannot be used to distinguish cases from the controls.
MUC1 autoantibodies in ovarian, lung and pancreatic cancer. Eighty-nine serum samples taken from 86 women with ovarian cancer, preceding diagnosis by a mean of 1 year (IQR: 0Á4-1Á5), 123 sera taken from 123 women preceding lung cancer diagnosis by a mean of 1Á6 years (IQR: 1Á0-2Á2) and 35 samples taken from 35 women preceding pancreatic cancer by a mean of 1 year (IQR: 0Á8-2Á0) and matched controls (247) were identified from the UKCTOCS serum bank. Baseline characteristics are presented in Supplementary Table 2, and tumour characteristics in Supplementary Table 3 . The samples were screened on the glycopeptides arrays and there was no difference in autoantibodies to MUC1core3 and MUC1STn between cases and controls ( Figure 3 ). Although there appear to be more sera, which are positive for antibodies to MUC1STn and MUC1core3 in the control sera, this is because there are more control samples (247, see Supplementary Table 2) , and there were only minor differences in rates of positivity between controls (see legend to Figure 3) . Moreover, stratifying the samples into cohorts of 0-1, 1-2 and 2-3 years before cancer diagnosis did not shown any difference between cases and controls (data not shown).
DISCUSSION
This is the largest case-control study that we are aware of exploring MUC1 autoantibody profile before diagnosis of breast and other adenocarcinomas. No differences were observed in autoantibodies recognising MUC1 tumour-associated glycopeptides in the nested case-control study involving over 1000 serum samples from women who later developed breast cancer and over 1300 matched controls in two independent cohorts (UKC-TOCS and Guernsey). This was irrespective of the time between serum donation and diagnosis of cancer with 273 of the samples analysed being from women who were diagnosed with breast cancer within 1 year of serum donation. This result was totally unexpected as we have previously shown that autoantibodies to MUC1 glycoforms can be detected in sera from early-stage breast cancer patients when the sera were taken at or just after the time of diagnosis . Unfortunately, sera were not available at the time of diagnosis from the cases studied in the present paper. It should be noted that we did not assay autoantibodies on MUC1 purified from tumours. However, such material is limited in quantities and it is very difficult to obtain homogeneous material that is standardised from one preparation to the next or from different individuals. Similar results were obtained for ovarian, lung and pancreatic cancer. Our findings suggest that detection of autoantibodies to MUC1 VNTR peptides, or to glycopeptides and full-length glycoforms carrying cancer-associated glycans, cannot be used as a screening tool for early detection of these cancers in the general population. The results of this robust, validated large-scale prospective-specimen collection, retrospective-blinded evaluation Table 1 for list of antigens) and dotted blue lines represent the individual antigens.
study have significant implications, as MUC1 has been the focus of several studies aiming for early detection of breast cancer (Chapman et al, 2007; Pinheiro et al, 2010; Wandall et al, 2010; Zhang and Tan, 2010; Blixt et al, 2011; Lacombe et al, 2013) .
The robustness of the study design, and the large number of sera screened gives us confidence of the validity of the results.
The strengths of the study include (1) a microarray approach, which allowed simultaneous screening for autoantibodies to unglycosylated MUC1 (consisting of three tandem repeats of MUC1), to MUC1 60mer glycopeptides and to recombinant MUC1 produced in CHO cells and carrying no or defined O-linked glycans, (2) use of a prospective-specimen collection, with retrospective-blinded evaluation study design (Pepe et al, 2008) , (3) validation of results on separate case-control sets including one from an independent serum bank, (4) additional controls from the Guernsey cohort with up to 32 years follow-up, (5) further evaluation of sera from individuals who later developed other cancers known to express MUC1, namely ovarian, pancreatic and lung, (6) matching for age and storage time of samples and (7) well balanced baseline characteristics between cases and controls. Limitations include the fact that sera were not available at the time of diagnosis from the cases studied in the present paper and the sera had been stored for a number of years before autoantibody determination. However, it is unlikely that this resulted in the lost of autoantibody activity as antibodies to p53 have been shown to be present (Pedersen et al, 2013) and in our previous study autoantibodies to MUC1 glycopeptides were found in the sera from breast cancer patients after a storage time of 30 years . In addition, a significant proportion of the breast cancer cases would have been screen detected as a result of the national mammography screening programme and some of the ovarian cancer cases could also have been screen detected as UKCTOCS is an ovarian cancer screening trial. On the other hand, similar results were obtained when we used preclinical samples from other cancers especially lung and pancreas for which no screening was available in the UK. When determining the use of anti-MUC1 antibodies for early detection or cancer risk, most previous studies have looked for antibodies in sera from cancer patients (Chapman et al, 2007; Desmetz et al, 2011; Pedersen et al, 2011) and extrapolated the results to suggest the assay's usefulness in early detection. We too have previously shown that more sera from stage I and II breast cancer patients contain autoantibodies compared with aged-matched controls and hypothesised that this might aid early detection . This is in keeping with most biomarker discovery studies for early detection of cancer, which are usually carried out on sera collected from patients with clinical disease (Chapman et al, 2007; Zhong et al, 2008; Boyle et al, 2011; Lacombe et al, 2013) , or small cohorts with lack of independent validation of the findings (Lubin et al, 1995; Li et al, 2005; Robertson et al, 2005; Zhong et al, 2006; Pereira-Faca et al, 2007) . There are only a few studies that have used a prospective sera collection (Pinheiro et al, 2010; Chapman et al, 2012; Pedersen et al, 2013) . The other study where preclinical cancer samples were screened for the presence of autoantibodies to the unglycosylated MUC1 VNTR was the case-control study from the Nurses Health cohort involving sera from women who went on to develop ovarian cancer and healthy controls (Pinheiro et al, 2010) . Autoantibodies to a MUC1 tandem repeat peptide (consisting of five tandem repeats) were found to be associated with a lower risk of developing ovarian cancer in those under 64 years of age and higher risk in women more than 64-years-old. However, the study only included 117 cases with only 27 over 64 years of age, making data interpretation difficult.
Our findings show the importance of validating initial findings in a larger sample set, as the trend towards more cases being in the highest quartile compared with controls observed in our discovery set was subsequently not validated in two independent sets.
Our results are in contrast to results with p53 as autoantibodies to p53 were detected in sera from UKCTOCS women who went on to develop colon cancer (Pedersen et al, 2013) , providing support for the fitness of the UKCTOCS serum bank samples for study of autoantibodies. There is considerable effort directed to developing a screen for antibodies to cancer antigens for individuals at high risk for lung cancer. In this context, antigen panels which can include, p53, 14-3-3, Annexin 1 or NY-ESO-1 show promise and are being evaluated in larger cohorts (Lubin et al, 1995; p53 is a nuclear protein, as are some of the other antigens showing promise as inducing autoantibodies before clinical diagnosis of cancer (Desmetz et al, 2011) , while MUC1 is a membrane antigen. It is not clear whether a difference in localisation could relate to the early induction of autoantibodies in cancer patients, unless there is a more stringent tolerance of the adaptive response to the surface molecules, requiring higher levels of membrane antigen. Certainly as long as the normal polarity of the epithelial cells is intact the MUC1 glycoprotein will be on the luminal surface and less accessible to circulating immune cells. Moreover, while the change in glycosylation of MUC1 is seen in early-stage cancers, (clinically diagnosed), the timing of this change in the initiation and progression to malignancy before clinical diagnosis is not known, and may correlate with a certain level of loss of ordered tissue architecture. Nonetheless, autoantibodies to MUC1 do appear in the sera of a proportion of early-stage breast cancer patients at the time of diagnosis, whereas patients with benign breast disease have similar levels to controls . However, although the data from this study show that autoantibodies to MUC1 may be useful for determining prognosis in women with early breast cancer, the results presented here show that an autoantibody profile to MUC1 is unlikely to be useful as a screening test for cancer within the general population. A considerable amount of time and resources are devoted to developing MUC1-based autoantibody assays and our results suggest that these should be focused on other tumour-associated antigens, possibly nuclear antigens, for early cancer detection and risk stratification.
and HC have a patent application claiming use of MUC1 glycoforms in therapeutic and preventive applications. JT-P and JB have patents for the use of MUC1 in therapeutic applications. The remaining authors have no conflicts of interest.
